ABSTRACT.-The Puerto Rican terrestrial frog (Eleutherodactylus coqui) has received considerable attention in Hawaii because of its rapid spread, loud mating calls, and its potential threat to native species. Thus far, its invasion potential on the Island of Hawaii remains poorly understood. Critical components for determining this potential are robust estimates of abundance and vital rates across habitat types. To address this lack of information, we used mark-recapture methods to estimate E. coqui survival and abundance, determine growth rates of adult male and female frogs, and relate densities to elevation, snout-vent length (SVL), habitat structure, and invertebrate abundance. Mean adult E. coqui density across eight sites was 62 6 12 adults/100 m 2 and ranged from 6-138 adults/100 m 2 . Our three-year mean adult density estimates were three times greater at three of our study sites (100 adults/100 m 2 ) than the highest long-term estimates from Puerto Rico (33 adults/100 m 2 ). Mean individual growth rates were 0.0078 mm/day (6 0.007 SD, N = 87) for males and 0.0097 mm/day (6 0.009 SD, N = 11) for females. Frogs of similar size were found to be growing slower in Hawaii than Puerto Rico. We found no relationship between elevation and E. coqui density or elevation and SVL or between invertebrate abundance and E. coqui density. However, there was a positive relationship between understory structure and E. coqui density. This relationship suggests that removing understory structure could reduce E. coqui densities, although other potential implications of this management treatment should be considered.
The global distribution of the Puerto Rican terrestrial frog, Eleutherodactylus coqui, is expanding. Eleutherodactylus coqui was introduced to Hawaii in the late 1980s probably via the horticulture trade (Kraus et al., 1999) . In 1998, there were eight known populations on the Island of Hawaii (Kraus et al., 1999) . Over the next three years, it had spread to over 250 sites throughout the Hawaiian Islands (Kraus and Campbell, 2002) . Because of eradication efforts on Maui, Oahu, and Kauai, E. coqui are now mostly concentrated in lowland (0-1,100 m) forests on the Island of Hawaii (Beard and Pitt, 2005) . E. coqui is considered an invasive pest because it threatens private property value because of its loud mating calls and floriculture and nursery industries due to decreased sales and rejected shipments (Kraus and Campbell, 2002) .
The invasion is of ecological concern because E. coqui is able to reach extremely high densities. In its native Puerto Rico, long-term studies of adult E. coqui densities range from 1-33 adults per 100 m 2 (Stewart and Pough, 1983; Woolbright, 1991; Stewart and Woolbright, 1996; Fogarty and Vilella, 2002) . Thus far, one study conducted in Hawaii has estimated population densities for two sites on the southeast side of the Island of Hawaii (Woolbright et al., 2006) and found that E. coqui densities can be three times as great as mean long-term densities in Puerto Rico (up to 118 adults per 100 m 2 ). In addition, because E. coqui is insectivorous, there is concern that it could prey upon native invertebrates and compete with native birds, many of which are insectivorous (Kraus et al., 1999) .
Thus, there is a need to control or eradicate E. coqui populations (Kraus and Campbell, 2002) . Identifying factors that limit E. coqui in Hawaii could offer mechanisms for more efficient control. Prior research in Puerto Rico has suggested that habitat structure, the availability of retreat and nest sites, is the primary factor limiting E. coqui populations (Stewart and Pough, 1983; Woolbright, 1991) . However, results from small-scale enclosure experiments and large-scale monitoring of invertebrates have demonstrated that E. coqui reduce invertebrates at small-scales and have a positive relationship with invertebrates at landscapescales, providing support for the hypothesis that they can also be prey-limited (Beard, 2001) .
Because E. coqui is an invasive pest and the focus of control efforts, robust estimates of abundance and vital rates across habitat types could assist management efforts. This study was designed to determine population abundances and vital rates of E. coqui, such as survival rate estimates, capture/recapture probabilities, and individual growth rates, for eight established plots on the Island of Hawaii. In addition, we relate population densities to elevation, habitat structure, and prey availability to identify factors that may limit E. coqui.
MATERIALS AND METHODS
Study Areas.-Research was conducted in eight tropical forest sites on the Island of Hawaii (Fig. 1 ). These sites were selected because they had established E. coqui populations and because of their diversity in forest-type, climate, and geological history. Eleutherodactylus coqui populations were established in different years at each site (Fig. 1) . Dominant overstory trees differed across sites and included Cecropia obtusifolia (sites abbreviated after species name have this species as a dominant: HS), Falcataria mollucana (LT), Melaleuca quinquenervia (WO), Metrosideros polymorpha (AK, KP, and MP), and Psidium cattleianum (PK, and PP). Dominant understory plants also differed across sites and included: Archontophoenix alexandrae (HS), Clidemia hirta (LT), Monstera deliciosa (AK), Microlepia strigosa (KP), P. cattleianum (MP, PK, and WO), and Syzygium jambos (PP). Mean annual temperature across study sites ranged from 18-23uC (Nullet and Sanderson, 1993) , whereas mean precipitation ranged from 1,000-6,000 mm/year (Price, 1983) . Substrate age across sites ranged from 200-10,000 years old (Trusdell et al., 2005 We used standardized methods for markrecapture analysis of this species (Woolbright, 2005) . Surveys were conducted between September and November annually for three years. We searched one plot each night between time of full darkness and midnight. Frog surveys were conducted in each of four adjoining 5 3 20-m transect subplots for 15 min, for a total search time within the 20 3 20-m plot of 60 min, not including handling time. Three researchers conducted the surveys each night; two researchers searched for and handled frogs while one researcher followed and recorded data. We began the first survey in the first transect of each plot, and alternated between starting in the first or last transect during subsequent nights. Each plot was searched for 5-9 consecutive nights until we obtained a 60% recapture rate for the sampling period.
When frogs were captured, we measured and marked only adult frogs ($25 mm snout-vent length, SVL, [Woolbright, 2005] ). We used SVL as the basic measure of body size throughout this study. We measured SVL to the nearest 0.1 mm with dial calipers and marked frogs by clipping a total of 1-4 toes (one clip per foot) in unique combinations. We categorized adults as either male, when they were observed calling or vocal sacs were obvious, or female, when they had ova in any stage of development visible through their semitransparent body wall. To be conservative, we considered sex for all other individuals undeterminable. We did not mark juveniles and subadults (6-24 mm SVL), hereafter preadults, because toes are too small for clipping (Woolbright, 2005) . Because preadults are important in determining overall density, we counted the number of preadults observed in a plot each night.
Just prior to dusk, in May 2004, we collected invertebrates from four trees representing the dominant understory species at each site using beating traps. We also collected leaf litter invertebrates from 4-0.25 3 0.25 m areas on the forest floor in each plot and extracted them using Berlese funnels. After 1900 h, we collected aerial invertebrates for 3 h adjacent to each plot using a black light. To estimate invertebrate abundance in each plot, we averaged replicates of the beating trap samples and replicates of the leaf litter invertebrate samples and added those averages to the black light samples. More information on how these invertebrates were collected and identified is described in Beard (2007) .
In September 2006, understory density was estimated for each plot using Nudds method (1977) . A 0.5 m 3 2 m coverboard with a checkerboard pattern of 100 alternating squares was placed in the center of each plot. Photographs were taken 5 m from the coverboard in each of the cardinal directions at 1 m and 2 m above the forest floor. We counted how many squares were visible and used the mean from the two heights and then the mean of the four cardinal directions to determine the percent coverboard covered for each plot. This gave us a relative measure of understory vegetative structure between 0 and 2 m above the forest floor.
Growth Rates.-Growth rates were determined in the field by measuring marked frogs. Because animals were individually marked, it was possible to make multiple measurements on the same individual over time. We calculated growth rate as the change in SVL divided by the number of days since the frog was last measured.
For comparison, we determined growth rates in the laboratory. We transported approximately 40 male and 30 female E. coqui from Hawaii to Logan, Utah, and housed frogs in breeding pairs in half of a 37.85-L terrarium. These frogs were toe clipped using the system used to mark frogs in the field. Frogs were given retreat sites (15-cm PVC pipe) and one small potted plant of Pothos sp. Frogs were given both crickets and water ad libitum. Half the frogs were maintained at 19uC and half at 25uC with a 12 : 12 L : D cycle and .90% humidity within the aquaria. We measured SVL when the frogs were collected and 10 months later and calculated growth rate as above.
Analyses.-We evaluated population density using closed capture models in Program MARK (White and Burnham, 1999) . For the Kalopa and Paradise Park plots, where we collected fewer than three years of data, we used Huggins closed-capture models to estimate abundance. Under this approach, individual encounter histories are used to estimate both initial capture probability (p), the probability that a previously marked frog is recaptured (recapture probability, c), and population abundance (N ). Additionally, individual covariates, and their effects, can be used in modeling p and c with Huggins closed-capture models, and we modeled the effects of the number of toe clips as an individual covariate on recapture probability and survival.
For all other plots, where we collected three years of data, we used a robust-design approach with Huggins closed-capture models. Robust design mark-recapture methods use a combination of closed-capture sampling for abundance estimates and open-mark-recapture vital rate analyses (Pollock 1982) . Furthermore, we selected this approach because robust design models can reduce bias associated with the heterogeneous capture/recapture probabilities (Pollock 1982 ), which we have found often occur in E. coqui populations. This approach relies on using multiple sampling events over short time periods, where closure of population is assumed (i.e., no mortalities), and longer intervals, where losses are expected to occur, to estimate the probability of initial capture and recapture, survival rate (S), emigration (c0), the probability of remaining outside the study area (c9), and population size (N ). For all robustdesign analyses, we assumed that emigration rates and immigration rates were random and modeled c0 5 c9 (Kendall et al., 1997) . For all analyses, we established a set of a priori models where we included sampling period and the number of toe clips as an individual covariate. Similar to Franklin et al. (2004) , we first modeled those parameters of less biological interest to these analyses (e.g., p, c, c9, and c0) and then maintained the model structure of these parameters with the lowest Akaike's information criterion value (AIC c : bias-adjusted for small sample size) while modeling S.
To maximize the information gained within a multimodel approach, we used model averaging, where we used Akaike weights to compute a weighted estimate for apparent survival and capture probabilities (Burnham and Anderson, 1998) . Under a model-averaging approach, models with different structures can be considered simultaneously; however, those models with larger Akaike weights will have greater influence on the overall, model-averaged estimates. For each model, we used the 95% confidence intervals of the beta estimates (i.e., slope) to measure statistical significance for each parameter and considered differences among parameter estimates significant when confidence intervals did not overlap (Bradford et al., 2005 ). We report model-averaged estimates of N and survival for each plot.
To obtain an estimate of total abundance and density (individuals/100 m 2 6 1 SE) for each sampling period, preadult numbers in plots were estimated as the product of the adult estimate and the ratio of preadult to adult counts, assuming that preadult and adult probabilities of encounter by observers are similar (as in Woolbright, 1996 Woolbright, , 2005 .
All other statistical analyses were conducting using SAS Version 9. 1.3 (2006) . We conducted least-squares regression between elevation and density and SVL and between E. coqui density and invertebrate abundance and understory structure using PROC REG. Factorial ANOVAs were used in a completely randomized design to evaluate the fixed effects of site and sex and year, as appropriate, on the following response variables: SVL and growth rates. For the growth rate analysis, site was used as a random effect. When necessary to meet assumptions of normality and homogeneity of variance, data were log-transformed. All means comparison tests were conducted using the Tukey-Kramer procedure. Significant differences were accepted at P , 0.05. RESULTS Mark-Recapture.-Between 2004 and 2006, we captured a total of 2,954 adult E. coqui in eight study plots over 120 nights of surveying. Of those frogs, 1,359 were identified as males, 106 were identified as females, and 1,489 were of indeterminate sex. Of these frogs, 986 (33%) were recaptured at least once during the same sampling period (consecutive days within one year). There were 101 frogs (7%) recaptured across years, with one frog detected in all three years.
We were unable to estimate parameters by sex because of the generally low capturerecapture rates, inability to delineate between sexes, and few females captured during this study within and across years (in part a function of our strict definition of female: gravid); thus, all parameter estimates (e.g., abundance) include males, females, and frogs of unknown sex.
Structure for the top models in most plots suggested capture probabilities did not differ from recapture probabilities (i.e., p 5 c), and estimates of capture-recapture varied across years and individual sample dates (Table 1 ; Appendix 1). Consistent with the similarities in model structure, mean capture-recapture probabilities were generally similar across plots (range: 0.11-0.25). In the Kalopa plot, however, where capture probabilities differed significantly from recapture probabilities, we found substantially higher capture probabilities and lower recapture probabilities than all other plots.
The effect of the number of toe clips on recapture rates varied across plots, with no significant effect in the Akaka Falls, Humane Society, Kalopa, Manuka, or Paradise Park plots, and a significant, negative effect in the Lava Tree, Puainako, and Waipio plots (Table 1).
Survival analyses over three years allowed for one estimate of annual survival for each site corresponding to the interval between 2004 and 2005. We found the lowest annual survival in the Waipio (0.10) and the highest annual survival in the Humane Society plot (0.47; Table 1 ). The number of toe clips had a significant, negative effect on E. coqui frog survival in the Manuka plot but did not have significant effects in any of the other plots.
Density.-Adult E. coqui density (individuals 100/m 2 ) varied across years and plots during this time period (2004-2006; Mean preadult to adult ratio averaged across years and the eight sites was 2.5 : 1 6 1.7 (SD) and ranged from 0.2-10.9 across sampling periods (Table 2 ). Mean total frog density, including preadults, and averaged across years for the eight sites was 255 6 174 (SD) frogs/ 100 m 2 and ranged from 20-914 frogs/100 m 2 across sampling periods. The relationship between total density and habitat structure was positive across study sites (N 5 7, R 2 5 0.85, P , 0.01; Fig. 2A ). There was no relationship between invertebrate abundance and total density across study sites in 2004 (N 5 7, R 2 50.45, P 5 0.10; Fig. 2B ). Size and Growth Rates.-Frogs across the study sites varied in size (F 7,1385 5 12.48, P , 0.0001), and females were 21% larger than males (F 1,1385 5 12.48, P , 0.001; Table 3 ). Even though recaptured frogs were removed from the analysis, frogs across sites were significantly larger each year than the previous year (F 2,1385 5 5.42, P 5 0.0045).
There was no relationship between total density and SVL across all study sites (N 5 7, R 2 5 0.38, P 5 0.13; Fig. 3A ). However, if Kalopa is removed from the analysis, the relationship is highly significant (N 5 6, R 2 5 0.93, P 5 0.0018). There was no relationship between SVL and elevation for males or females (N 5 8, R 2 , 0.001, P 5 0.96, and N 5 7, R 2 5 0.035, P 5 0.69, respectively; Fig. 3B ).
In the field, mean growth rate was 0.0077 mm/day (6 0.0070 SD, N 5 90) for males and 0.0097 mm/day (6 0.0088 SD, N 5 11) for females but were not different (F 1,98 5 0.69, P 5 0.41; Fig. 4 ). Field growth rates were not significantly related to body size for either males (N 5 89, R 2 5 0.009, P 5 0.37) or females (N 5 11, R 2 5 0.28, P 5 0.093). In the laboratory, mean growth rate was 0.0092 mm/day (6 0.0048 SD, N 5 35) for males and 0.0097 mm/day (6 0.0063 SD, N 5 26) for females. Growth rates observed in the laboratory were not related to body size for males (N 5 35, F 5 0.030, P 5 0.86) but were related to body size for females (rate 5 20.0011 SVL + 0.048; N 5 26, F 5 8.86, P 5 0.0066). There was no difference between growth rates in the field or laboratory or between males and females (F 3,156 5 1.05, P 5 0.37).
DISCUSSION
Although density estimates for adult E. coqui vary across sites (Stewart and Pough, 1983; Woolbright, 1991; Stewart and Woolbright, 1996; Fogarty and Vilella, 2002) , estimates of long-term averages from Puerto Rico range from 1-33 adults/100 m 2 . We found that for all sites surveyed, except for Kalopa and Waipio, mean adult estimates were greater than the highest long-term estimates from Puerto Rico. In fact, we found that adult densities were about three times greater at three of our study sites (around 100 adults/100 m 2 ) than the highest long-term estimates from Puerto Rico. Our highest estimates for sampling periods were 133 and 138 adults/100 m 2 in Lava Tree and Manuka, respectively, and were higher than the highest estimate for a sampling period in Puerto Rico, 114 adults/100 m 2 (Stewart and Woolbright, 1996) . Woolbright et al. (2006) similarly suggested that Lava Tree had high adult densities (74-118 adults/100 m 2 ). We found that, averaged over the three years, total E. coqui density across sites ranged from 2,200-50,000 frogs/ha. At four of the eight study sites, total frog densities were at least 1.7 times Woolbright et al. (2006) suggested that Lava Tree had similarly high densities (28,000-89,000 frogs/ha); our highest estimate for Lava Tree was 40,000 frogs/ha.
We used closed capture models with a robust-design to estimate E. coqui population densities. One potential problem with these models is that they assume no losses or gains during annual sampling events (Kendall, 1999) . We acknowledge that losses to mortality may have occurred during the 5-9 day sampling events. However, this would result in a negative bias in our abundance estimates, which we consider minimal because of the short time period of our sampling events. In support of the use of these models, which are insensitive to variable capture-recapture rates (e.g., robustdesign models, Pollock, 1982) , we observed variability in capture-recapture rates across all plots (both within and across years). Because, in general, we observed low capture-recapture rates across all periods and sampling occasions, we suggest that index methods (e.g., count data) may severely underestimate the abundance of E. coqui.
Our preadult to adult ratios were much lower than those found in Puerto Rico, which have been found to be as high as 15 : 1, with means of 5.3 : 1 (Stewart and Woolbright, 1996) . Because preadult activity is so dependent on daily weather conditions, it can be difficult to speculate on the importance of this ratio. However, we surveyed for a total of 120 nights and on only five occasions was our ratio above 5.3 : 1. Woolbright et al. (2006) similarly found preadult to adult ratios in Hawaii were generally lower than those in Puerto Rico. There are several potential explanations for this pattern. It could be that, in Hawaii, preadults are significantly harder to observe because of their behavior of remaining closer to the forest floor than adults (Beard, 2007) and potentially hiding in a'a lava (i.e., rocks; Woolbright et al., 2006) . Alternatively, reproductive success or survivorship to hatchling, juvenile, or subadult stages could be lower in Hawaii. It would be important to test these hypotheses in future studies. High E. coqui densities in Hawaii may threaten endemic invertebrates and associated ecosystem functioning (Beard and Pitt, 2005) . Research suggests that each frog, on average, consumes 7.6 prey items per night (Beard, 2007) ; and thus, with densities as high as 91,000 frogs/ ha, E. coqui could be consuming 690,000 invertebrates/ha/night. In addition, research suggests that E. coqui can reduce prey abundance (Sin et al., 2008) , and we found that the relationship between E. coqui and invertebrate abundances across sites was positive, although not significant by our criteria (P 5 0.10). However, we also found support for the idea that E. coqui are not prey limited; their growth rates did not differ in the laboratory and field. There is other evidence that suggests that prey are not limiting at least at some sites. For example, E. coqui have been found to avoid lesspreferred prey at some sites, even though they consume these prey at sites lacking preferred prey (Beard, 2007) . Based on the available evidence, support for the hypothesis that E. coqui are prey limited in Hawaii is weak.
The primary factor thought to limit E. coqui in Puerto Rico is the amount of available nest and retreat sites (Stewart and Pough 1983; Woolbright, 1996) . Consequently, areas with more dense undergrowth are thought to support greater densities (Fogarty and Vilella, 2001 ). We found a highly significant, positive relationship between the amount of understory habitat structure and E. coqui density in Hawaii. The relatively low density of E. coqui at Kalopa and Waipio appears to result from the low amount of understory structure at those locations. This suggests that E. coqui will attain higher densities where there is more understory structure and that reducing understory structure could reduce E. coqui populations.
Any management practice aimed at removing understory habitat structure to reduce E. coqui densities should be conducted in a way that does not harm the native invertebrate community. Most of the study sites where E. coqui has invaded are dominated by nonnative plants in the canopy and understory. The best management practice would be to remove the nonnative plant species and restore these forests with native species with low amounts of understory structure. This could result in both reduced E. coqui densities and native forest restoration. In addition, by removing nonnative plants, this management practice may restore native invertebrates to these communities.
A study from Puerto Rico found a negative relationship between growth rate and SVL for both males and females in the field and not in the laboratory (Woolbright, 1989) . We only uncovered this relationship for females in the laboratory. It is hypothesized that this relationship starts when frogs reach sexual maturity and is driven by energetic constraints (Woolbright, 1989) . Results from Puerto Rico suggest that, when males are no longer constrained energetically (i.e., in a laboratory), they can grow at a much faster rate at a particular size (Woolbright, 1989) . However, we found that male growth rates in the field and laboratory were similar. It is unclear why male frogs in Hawaii may not be experiencing the energetic costs of reproduction that they experience in Puerto Rico. Potential explanations include that frogs in Hawaii are younger than those studied in Puerto Rico, which might be expected for newly invaded sites. Alternatively, male frogs in Hawaii may have less need to defend nest sites from competitors and predators or less need to invest in calling. Future studies could investigate potential mechanisms driving this pattern.
It was difficult to directly compare growth rates of males in the field in Hawaii and Puerto Rico because the study conducted in Puerto Rico found a negative relationship between growth rate and SVL, and the majority of our males were below the minimum size studied (Woolbright, 1989) . However, using the equation for the relationship between SVL and growth rates presented in Woolbright (1989) , we found that male frogs in Hawaii were growing slower (around 0.008 mm/day) than would be predicted for similar-sized frogs in Puerto Rico (around 0.02 mm/day). We did not encounter similar problems comparing female growth rates in the field between the two ranges and found that females of similar size (on average 35 mm) grew slower in Hawaii (around 0.01 mm/day) than those in Puerto Rico (0.07 mm/day; Woolbright, 1989) . Caution should be used when interpreting these results because Puerto Rico data were collected in one study site, the eastern mountains, whereas our data were collected across the Island of Hawaii.
Body size of E. coqui has been found to increase with increasing elevation (Narins and Smith, 1986) , and density of E. coqui has been found to decrease with increasing elevation in Puerto Rico (Stewart and Woolbright 1996) . We investigated these patterns and did not find these relationships. There may be confounding factors that make observations of these patterns difficult at this time. The most important of these may be that many of these populations are newly established and have been reproductive for only a few years (Woolbright et al., 2006) . This would limit the ability of E. coqui to respond to local site conditions, such as temperature, which may be driving these patterns (Velo-Antó n et al., 2007) . However, the above two relationships also suggest that E. coqui has smaller SVL where E. coqui density is greater. We did find a negative relationship between E. coqui density and SVL (with Kalopa removed from the analysis). If we assume that productivity is similar across sites, this relationship suggests that E. coqui are competing for resources. However, because we cannot make this assumption, it is difficult to determine what is driving this pattern. It simply may be that, at sites with higher productivity, there are greater E. coqui densities, and E. coqui are able to reproduce at a smaller size. Further study is needed to determine why SVL may be smaller where densities are higher in Hawaii.
The use of mark-recapture methods for estimating the abundance of E. coqui is common in the literature (Fogarty and Vilella, 2001, 2002; Woolbright, 2005) , and many of these markrecapture studies have used toe clips as the means for marking individuals (Woolbright, 1989 (Woolbright, , 1996 (Woolbright, , 2005 Woolbright et al., 2006) . We found that the number of toes clipped negatively affected recapture probabilities at three of eight study sites and survival estimates at one of six study sites. Thus, caution should be exercised when using toe clips to mark E. coqui, especially in Puerto Rico, where montane populations are declining (Burrowes et al., 2004) . If toe clips are used, our results suggest that no more than one toe be clipped per frog. Other marking methods, including the use of fluorescent pigments, have been used for this species (e.g., Fogarty and Vilella, 2001, 2002) . We suggest that future research on this species compare survival and recapture probability estimates using various marking methods. Note: toe corresponds to the number of toe clips, which was modeled as an individual covariate; session corresponds to the primary sampling occasion (year); t corresponds to secondary sampling occasion (day); and (.) corresponds to models where parameters did not vary through time. APPENDIX 1. Continued.
